Abstract-Scanning lasers increase the quality of the laser microsurgery enabling fast tissue ablation with less thermal damage. However, the possibility to perform scanning laser microsurgery in confined workspaces is restricted by the large size of currently available actuators, which are typically located outside the patient and require direct line-of-sight to the microsurgical area. Here, a magnetic scanner tool is designed to allow endoscopic scanning laser microsurgery. The tool consists of two miniature electromagnetic coil pairs and permanent magnets attached to a flexible optical fiber. The actuation mechanism is based on the interaction between the electromagnetic field and the permanent magnets. Controlled and high-speed laser scanning is achieved by bending of the optical fiber with magnetic torque. Results demonstrate the achievement of a 3x3 mm 2 scanning range within the laser spot is controlled with 35μm precision. The system is also capable of automatically executing high-speed laser scanning operations over customized trajectories with a root-meansquared-error (RMSE) in the order of 75μm. Furthermore, it can be teleoperated in real-time using any appropriate user interface device. This new technology enables laser scanning in narrow and difficult to reach workspaces, promising to bring the benefits of scanning laser microsurgery to laparoscopic or even flexible endoscopic procedures. In addition, the same technology can be potentially used for optical fiber based imaging, enabling for example the creation of new family of scanning endoscopic OCT or hyperspectral probes.
Introduction
Lasers are commonly used for high-precision microsurgeries on delicate organs, such as in eye and throat operations. Significant examples include refractive surgery and laser phonomicrosurgery. In such soft tissue surgeries, the benefits of lasers include improved post operative function, decreased morbidity [1] , better hemostasis, and minimal peripheral tissue injury [2] .
Current technologies for laser microsurgery can be classified as free-beam systems and fiber-coupled systems. In free-beam laser systems, tissue is ablated from relatively large distances (typically 400 mm for laryngeal procedures).
These systems require direct line-of-sight to the surgical area and high quality focusing optics, which focus the laser energy on the target tissue. In addition, the systems typically include scanning capabilities to improve the quality of the laser ablations by performing fast and continuous motion of the laser spot along a cutting trajectory. This scanning motion is important to minimize tissue carbonization and thermal damage to surrounding tissue, leading to clean laser cuts and enhanced surgical outcomes [3] . Conversely, fiberbased surgical lasers are typically flexible and deliver the required laser energy for tissue ablation when in close proximity to the surgical site. This makes then ideal for minimally invasive and endoscopic laser surgeries. However, currently available technologies for fiber-coupled lasers do not offer scanning capabilities and are thus limited in terms of the quality of laser-tissue ablations they can provide.
Given the benefits of laser scanning features and those of fiber-coupled lasers, this research aims at the creation of an endoscopic laser scanner tool based on a flexible optical fiber. The driving application for this new device is transoral laser phonomicrosurgery, a delicate surgical procedure that involves the resection of malignancies affecting the vocal cords [4] . In these procedures, the precision and quality of laser incisions are critically important for the quality of the surgical outcome, which is measured both in terms of oncological and functional results. This means the clinical goals are to obtain both total cancer excision and good voice quality after the operation. Surgeons try to achieve these goals by minimizing the surgical margins to preserve as much healthy tissue as possible, and by using scanning lasers to obtain precise and high-quality incisions. Given the technological limitations of endoscopic systems, the state-of-the-art medical protocol for phonomicrosurgeries involves the use of microscopes and free-beam scanning laser micromanipulators. However, the replacement of such systems with novel endoscopic tools is being sought to eliminate clinical challenges arriving from difficult surgical site access and visualization, and poor laser micromanipulator controllability [5] , [6] .
Lasers in the infrared spectrum are commonly used for laryngeal surgeries. These include the Thulium laser and diode lasers with wavelengths around 2μm, which can be coupled to more traditional optical fibers [7] . Furthermore, dedicated manipulators have been developed to steer the laser light in medical operations performed in narrow workspaces without the use of the robot. Examples include a bending laser manipulator developed for intrauterine fetal surgery, whose feasibility was analyzed through in vitro and in vivo experiments [8] . Similarly, a wire-guided bending mechanism was developed to manipulate the irradiation direction of a laser for photocoagulation in fetoscopic surgery [9] . Nevertheless, none of these systems offered scanning capabilities.
In the literature, magnetic actuation has been proposed for the miniaturization of the surgical catheters in narrow surgical spaces. A magnetic catheter was used for complex arrhythmia ablations to improve safety and efficacy of the procedure [10] . A closed-loop position control method was proposed for the magnetic catheters indicating the importance of the navigation inside heart and coronary vessels [11] . Recently, closed-loop control of the magnetic catheter with two dimensional ultrasound images was presented for potential endovascular interventions [12] . In another study, researchers performed vision based control closed loop control of magnetic catheter using coupled mechanical and magnetic actuation [13] . Similarly to the surgical catheters, optical fibers can also be controlled with magnetic actuation. In a characterization study, optical fibers coated with different magnetic materials were actuated based on the use of a single electromagnetic coil [14] . These studies demonstrated the feasibility of magnetic actuation for miniaturization of surgical tools.
In this paper we propose the use of a magnetically actuated optical fiber to create a novel endoscopic laser scanning system. This actuation method provides many advantages such as non-contact actuation, high scanning speed, high resolution, and simple control. Here we propose the use of two pairs of orthogonally placed coils to create an electromagnetic scanning tool with two degrees of freedom. The system is miniaturized and specifically designed to provide fast and precise micromanipulation of a surgical laser beam in endoscopic applications. This is achieved by attaching a permanent magnet to a cantilevered optical fiber, and by precisely controlling the electromagnetic field produced by the coils. Laser focusing at a distal ablation target is achieved using two plano-convex lenses appropriately placed to collimate and focus the laser light. As the electromagnetic field changes, the fiber cantilever is deflected and the laser spot moves on the target, allowing the execution of precise laser scanning motions.
Concept and Design of the System
The actuation mechanism is based on magnetic interaction between electromagnetic coils and the permanent magnet attached to the optical fiber in the center of the workspace. The optical fiber deflects with the magnetic torque, T m , produced by the coil pairs. The electromagnetic coil pairs are mutually perpendicular to each other; placed in the y-axis and z-axis of the tool. Identical four coils are placed with equal distance from the optical fiber. Winding directions of the coils in the same axis are identical so as to produce the same deflection response on the beam. The optical fiber carries an axially magnetized cylindrical permanent magnet positioned near its fixed end. In addition, it is fixed at the entrance point of the tool ( Fig. 1 ) and can move with 2 degrees of freedom with the combination of the deflections in y-and z-axis.
Magnetic Field Produced by the Coil Pairs
The magnetic field induced by a circular current loop whose axis lies along z-axis (single loop placed in z = z 0 plane) can be expressed in cylindrical coordinate system (r c ,φ,z) by
where μ 0 is the permeability of the free space, a is the radius of the coil, I is the current. k 2 c is given as,
K(k c ) and E(k c ) are the first and the second kind of elliptical integral functions, respectively [15] . The magnetic field components (B rc and B z ) can be calculated for any r c and z using Eqs. 1a and 1b. For a point in z-axis (r c = 0), the elliptical integral functions become equal to π/2 (E(0) = π/2 and K(0) = π/2). Thus, we can derive the magnetic field strength for the special condition (z 0 = 0)
The magnetic scanning tool consists of two coil pairs in y-and z-axis. Thus, the total magnetic field strength, B, can be calculated by vectorial summation of each individual coil contribution. The magnetic field strengths produced by different coils in the workspace are calculated with the Eqs. 1a and 1b.
A permanent magnet in an external magnetic field is exposed to a force and a torque. The magnetic force, F m , acting on a magnetic dipole moment, m, can be expressed as the gradient of magnetic potential energy, U and the magnetic torque, T m , is the cross product of the magnetic dipole moment and the magnetic field
where ∇ is the gradient operator. The magnetic dipole moment can be calculated multiplying the magnetization of the material, M, and the volume of the permanent magnet,
Beam Deflection
The net force on the permanent magnet induced by the electromagnetic coils will be neglected taking into account variation of the magnetic field is small enough. Same currents are fed to the identical coils facing each other, so induced magnetic field in the workspace is accepted as uniform. The bending of the beam is primarily dependent on the magnetic torque. In equilibrium condition, magnitude of the magnetic torque becomes equal to bending moment of the cantilever beam. Thus, the bending angle of the cantilever beam can be calculated as
where l is the fiber length between fixed end and the permanent magnets, E is elasticity modulus and I m is the moment of inertia of the cantilever beam.
Prototype Development
We developed a prototype to evaluate if our conceptual design was effective for laser scanning. This is presented in Fig. 2 , which shows the experimental setup with the developed electromagnetic scanning tool, optical fiber, lenses, laser source and camera. The scanning tool has four electromagnetic coils around the tool. The overall dimensions of the scanning tool is 13 mm in diameter and 100 mm in length, including the focusing module with two lenses. 
Scanning Tool
The cylindrical structure of the scanning tool is produced with a 3D printer. Two coil pairs are placed around the cylindrical tool orthogonal to each other. 150 turns are wound for each coil with a ferromagnetic cylindrical core. Five axially magnetized ring permanent magnets (d i = 0.7 mm, d o = 2 mm and h = 2 mm) are glued to optical fiber and placed in the center of the cylindrical tool. Two lenses are placed after the free end of the optical fiber.
Optical Design
A visible red (625 nm) laser light was used to characterize the system and develop its control system. A multimode optical fiber with 300 μm core diameter and 0.39 NA (Thorlabs -FT300EMT) was used to carry the laser light. This fiber has a silica core with a 12.5 μm hard polymer cladding layer and a 180 μm coating layer. Two lenses were used to focus the laser beam, which is required since it diverges when exiting the optical fiber. A plano-convex lens with 6 mm diameter and 10 mm focal distance is used for collimation, whereas another plano-convex lens with 6 mm diameter and 30 mm focal distance is used to focus the laser light (Fig. 3) . 
Current Control
Arduino Due control board is used for controlling the currents of the coils independently. The board is connected to a computer via USB connection and is capable of receiving real-time commands at a rate of 4 KHz. Two analog outputs of the control board are connected to the coils in the y-and z-axis.
The same current values are fed to the coils which are in the same axis (I y and I z ) in order to create the maximum possible magnetic torque. Experiments are performed with open-loop current control. Different scan trajectories can be performed based on the combination of sinusoidal current inputs.
where I max is the maximum current which is fixed 0.155 A in all experiments and calculations. f is frequency, t 1 and t 2 time for the coils pairs, and φ is the phase angle.
Detection of Laser Spot
In order to detect laser spot for performance assessment purposes, a high speed camera was used (SpeedCam HiSpec 1 -Fastec Imaging). This camera has a 880x512 pixels resolution and is capable of acquiring images at 120 fps. In this case, the captured frames were filtered using image processing tools to detect position of the laser spot. The implemented algorithm processes the red plane image and finds the locations of the pixel groups with the highest intensity values. Among these possible laser spot locations, the largest pixel group is chosen and its centroid is accepted as the location of the laser spot (Fig. 4) . This location is expressed in pixels and is recorded for each video frame. In the experiments, a millimetric paper is used as a target plane. Thus, measurements in pixels can be converted to mm unit. During the detection of the laser spot, the errors introduced by image acquisition and processing resulted in the order of 20-40 μm (1-2 pixel oscillations and 1 mm ≈ 48 pixels).
Original Frame
Red Plane Detected Laser Spot Figure 4 : Detection of laser spot in three steps: capturing the current frame (1), presenting the frame in red plane (2) and detection of the pixels with the highest intensity values (3) . Green rectangle presents the bounding rectangle of the pixels with the highest intensity values. Red star presents the centroid of the detected region.
Experiments
Experiments were performed to test the functionality of the designed magnetic scanning tool. The objectives of the experiments can be experessed as follows:
• Deflection Mapping: to find the correlation between the applied current and the deflection of the laser spot on the target. For this, 10 current levels were chosen and applied to the coils in y-and z-axis separately. The laser spot positions were measured for each current level.
• Repeatability: to assess the repeatability of laser scan trajectories. To this end, an 'M' shaped trajectory was chosen because it is challenging for fast scanning. Then, the required currents to perform this predefined trajectory were calculated using results from the Deflection Mapping section. These current values defined excitation patterns, which were fed to the coils 10 times; i.e number of passes, N , is 10. All executed trajectories were recorded. The first pass was accepted as the reference trajectory, allowing the computation of the root mean square error (RMSE) for the consecutive passes of the laser spot over the desired trajectories.
• Teleoperation: to assess the real-time control of the laser spot position using a tablet device. To this end, a circular trajectory was defined by two concentric circles with dimensions 1.4 and 3.2 mm in diameter, which were printed in a piece of white paper and placed in the camera's field of view. The experimental task consisted in asking the user to control the laser spot and move it along the given trajectory. The performance metric was the RMSE calculated based on deviations from the desired trajectory.
•
Ablation Experiments: to demonstrate the capability of the system to execute real laser ablations. In this case, a 1940nm, 10 W diode laser was coupled to the magnetic scanning tool. Apple samples were used as tissue substitute given their high water content and high laser power absorbance. After the ablations were performed, the 3D incision profiles were analyzed through the acquisition and processing of confocal images using extended depth of field algorithms [16] .
Results

Deflection Mapping
The position of the laser spot is measured as the supplied current is changed. Current -laser spot displacement graphs are depicted in Fig. 5 . The displacement response of the scanning tool demonstrates linear relationship with the supplied current. In y-and z-axises, displacements with the same current levels are slightly different (Fig. 5) . Maximum and minimum deflections are 1.39 and -1.55 mm in y-axis; and 1.4792 and -1.5165 mm in z-axis. The results of this experiment provides us the relation current -laser position displacement with following equations:
a) y-axis These equations, which are valid for the current range between I min and I max , can be used to predict the displacement of the laser spot for the given current value.
Repeatability
Results from the repeatability assessment considering the 'M' shaped trajectory are presented in Fig. 6 for the y-and z-axis trajectories. The RMSE calculated for each axis resulted in: RM SE y = 48 ±16 μm and RM SE z = 75 ±35 μm. 
Teleoperation
The magnetic scanning tool was designed for the micromanipulation of the laser spot on the target tissue. Therefore, one of its requirements was allow precise real-time control by an user. This was assessed by the described circular target trajectory, which was executed by the test subject using a tablet device. Results from this experiment are presented in Fig. 7 (see also Video attachment). The computed RMSE resulted in 35 ±18 μm.
Ablation Experiments
The magnetic scanning tool coupled to the 1940nm diode laser was successfully able to ablate apple samples placed 30mm away. A typical 3D ablation profile is presented in Fig. 8 . In this case the laser power was set to 2W 
Discussion
In fiber-based surgery, tissue ablations are performed with a bare fiber very close to the tissue. In general, the surgeon controls the position of the fiber directly by hand. However, this method is not ideal and brings many problems specially for delicate microsurgeries. For example, the fiber can be easily damaged if it touches the tissue during ablation, and this can happen quite often due to hand tremors. This contact causes tissue residues to stick to the tip of the fiber, reducing the quality of the laser ablations and therefore the quality of the surgical outcome. The proposed magnetic scanning tool prevents this problem from happening since it allows non-contact tissue ablation.
The experimental results showed the magnetic scanning tool provides linear position response as a function of the control current. This linear behavior allows a straightforward implementation of any 2D scan trajectory. Here this has been demonstrated considering an 'M' shape trajectory.
Teleoperation results were also positive, demonstrating that the system can be controlled in real-time with a precision around 35 μm. This is a range appropriate for the delicate laser phonomicrosurgeries that motivated this research. In addition, it was shown that any random trajectory can be executed with a tablet device. This allows the recording of desired trajectories in real-time, which are later executed automatically by the system in a high-speed scanning fashion.
Possible reasons for the observed errors may include manufacturing imperfections of the tool. For example, misalignment of the coils facing each other can cause different deflections of the optical fiber beam in positive and negative side of the axis. Additionally, it was assumed that the four electromagnetic coils are used in the setup were identical, but impedance measurements shows that 2-5% deviation between them. This may also explain the non-symmetric behavior in positive and negative deflections.
Conclusion
In this paper, a new magnetic laser scanning tool was proposed for endoscopic laser microsurgeries. The system was designed, prototyped and evaluated through successful integration with a real high-power fiber coupled surgical laser. The produced prototype measured only 13 mm in diameter and was fully functional. It demonstrated the feasibility of this new tool concept for laser microsurgery applications, proving it is capable of executing precise and repeatable laser scanning motions. In addition, real-time laser micromanipulation control was demonstrated based on the use of a tablet interface. In this condition, the laser control precision was shown to be in the order of 35 μm, which is an appropriate value for the intended microsurgical applications. Furthermore, the magnetic laser scanner also demonstrated to be capable of non-contact laser ablations, producing up to 1.5 mm deep incisions on tissue substitutes.
The proposed magnetic scanning tool has been designed as an end-effector module for precise laser ablations close to surgical site. It can be coupled to manual or robotic devices, and to rigid or flexible holding structures (e.g. flexible endoscopes or continuum robots). In addition, the same system actuation and control structures can be used to create an scanning fiber imaging system, allowing for example the creation of new family of scanning endoscopic OCT or hyperspectral probes. Moreover, the magnetic actuation principle demonstrated here also has the potential to replace the galvanometric mirrors currently used in free-beam laser scanners systems, which could result in the reduction of manufacturing costs and increased system robustness given the simplicity of this design.
Future research efforts will be dedicated to the development of more advanced closed-loop controllers for the magnetic laser scanner, possibly involving model-predictive controllers for enhanced system performance and stability. In addition, the device will be further assessed through exvivo and in-vivo tissue ablations to validated its applicability and usability for real surgical operations.
